We study climate change projections over East Asia under various representative concentration pathway (RCP) scenarios using simulations performed with the Beijing Climate Center Climate System Model version 1.1 (BCC_ CSM1.1) for the Coupled Model Intercomparison Project phase 5 (CMIP5). Under all RCPs (including RCP2.6, RCP4.5, RCP6.0, and RCP8.5), East Asian climate is found to be warmer and wetter in the 21st century than the present climatology (1986̶2005). For 2080̶2099, East Asian mean surface air temperature (precipitation) is higher than that for the present climatology by 0.98°C (4.4%) under RCP2.6, 1.89°C (7.7%) under RCP4.5, 2.47°C (7.1%) under RCP6.0, and 4.06°C (9.1%) under RCP8.5. Such changes in East Asia are all larger than the corresponding global changes, with greater differences under the higher RCPs. In the simulation of RCP4.5, which is extended to the late 23rd century (2280̶2299), further warming of 0.34°C relative to 2080̶2099 is found in East Asia; this is lower than the global mean warming (0.56°C). Under mitigation scenario RCP2.6, East Asia experiences greater cooling than that experienced globally throughout the 22nd and 23rd centuries.
Introduction
Throughout the past half century, global climate has experienced pronounced warming due to increased concentrations of greenhouse gases related to human activity. Continued greenhouse gas emissions at or above current rates would cause further warming during the 21st century; this warming would very likely be greater than that observed during the 20th century (IPCC 2007) . Projections of future climate change under scenarios obtained using climate system models have important practical significance, particularly for climate impact assessment and future emission control. A common set of scenarios is used in modeling studies to allow comparison between different models. Previously, information from the Special Report on Emission Scenarios (SRES) has been used in phase 3 of the Climate Model Intercomparison Project (CMIP3). However, recent studies have demonstrated that new scenarios are required to explore the impact of different climate policies and the role of adaptation in more detail (Moss et al. 2010 , Van Vuuren et al. 2011 . A set of four representative concentration pathways (RCPs) have been provided for modeling as part of phase 5 of the Climate Model
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Intercomparison Project (CMIP5) (Taylor 2011) . These pathways are believed to characterize a broad range of possible future climate conditions. The Beijing Climate Center Climate System Model BCC_CSM1.1 performed the CMIP5 set of experiments. Examination of model performance under different RCPs is essential to provide a basic reference for using the model output.
East Asia is one of the primary monsoon regions with a large human population and could be highly vulnerable to future climate changes. Climate projections over East Asia under the SRES scenarios have been documented in some previous studies (Jiang et al. 2004 , Min et al. 2004 , Xu et al. 2005 , Min et al. 2006 , Sun and Ding 2010 , Min and Jhun 2010 . These studies have typically concluded that East Asia will experience greater warming than the global mean warming in the 21st century. Moreover, large uncertainties remain in numerical simulations corresponding to the large variations among results of different models in terms of the spatial distribution of East Asian climate change. Some previous studies have suggested that rainfall amount will increase over the mainland of East Asia during the 21st century (Jiang et al. 2004, Sun and Ding 2010) . On the other hand, others have postulated that precipitation will decrease over the southeastern parts of East Asia (Xu et al. 2005 , Li et al. 2006 . Projected changes in the East Asian summer monsoon (EASM) during the 21st century also remain controversial. On the basis of projections by climate models under the SRES scenarios, several studies have shown that the intensity of the EASM would increase Wang 2005, Sun and Ding 2010) . However, Li et al. (2010) showed that the EASM might respond to global warming by changing its location and not its intensity.
In the present study, we analyze future projections of surface air temperature (SAT), precipitation, and circulation over East Asia, including the EASM, using simulations performed by BCC_CSM1.1 under the various RCPs. Global mean SAT and precipitation are also presented for comparison. One aim of this study is to verify the simulation ability of BCC_CSM1.1 and present the climate change projections over East Asia according to the new RCPs. We also aim to compare the results of BCC_CSM1.1 with those of earlier studies. The remainder of this paper is organized as follows. Model description and experimental design are described in Section 2. Simulation results are presented in Section 3. Concluding remarks are presented in Section 4.
Model description, experimental design, and model validation

Model description
BCC_CSM1.1 is a global coupled climate system model incorporating the carbon cycle and consists of the atmospheric model BCC_AGCM2.1, the land model BCC_AVIM1.0, the Modular Ocean Model version 4 (MOM4), and the sea ice model SIS. The four model components are coupled through the National Center for Atmospheric Research (NCAR) coupler version 5. BCC_AGCM2.1 has a horizontal resolution of about 2.8°(T42) and 26 levels in the vertical. The characteristics and performance of this model are described in Wu et al. (2008 Wu et al. ( , 2010 and Wu (2012) . BCC_AVIM1.0 is a land surface model that includes biogeophysical, ecophysiological, and soil carbonnitrogen dynamical modules (Ji et al. 2008 ). The ocean model MOM4 and sea ice model SIS are both from Geophysical Fluid Dynamics Laboratory (GFDL) (Griffies et al. 2005) . The horizontal resolution is 1/3°× 1°with a tripolar grid, and there are 40 levels in the vertical in MOM4. SIS has the same horizontal resolution as MOM4 and three layers in the vertical, including one layer of snow cover and two layers of equally sized sea ice. A general introduction to the BCC_CSM1.1 model and a discussion of its ability to simulate the carbon cycle in the 20th century are provided by Wu et al (2013) , and Xin et al. (2013a) discuss the performance of this model in reproducing climate change over China in the 20th century.
Experimental design
In the present study, we use historical and projection simulations of all RCPs. A detailed description of the experiments conducted using BCC_CSM1.1 and the external forcing used in the simulation can be found in Xin et al. (2013b) . The external forcing of the historical experiments includes greenhouse gases, ozone, aerosols, volcanoes, and solar variability. In particular, the aerosol properties include sulfate aerosols, sea salt, black and organic carbon, and soil dust. The historical simulation during 1986̶2005 is used as the reference baseline for present climate in BCC_CSM1.1.
The future climate forcing begins in 2006 and follows four RCPs: RCP8.5, RCP6.0, RCP4.5, and RCP2.6. The temporally evolving forcing from 2006 to 2100 includes greenhouse gases, aerosols, and ozone. The solar constant ensures repetition of a climatological 11-year cycle under the RCPs. All forcing data are provided by CMIP5. The numbers following the acronym "RCP" represent the approxiVol. 91, No. 4 Jounal of the Meteorological Society of Japanmate radiative forcing by the year 2100 under each pathway (Moss et al. 2010 ). Under RCP8.5, increases in greenhouse gases over time lead to a radiative forcing of 8.5 W m −2 by 2100, which is representative of scenarios that lead to high greenhouse gas concentrations (Fig. 1) . RCP6.0 and RCP4.5 are two medium scenarios in which the total radiative forcing is stabilized by 2100, with a radiative forcing of 6 W m −2 and 4.5 W m −2
, respectively. RCP2.6 is a "peakand-decline" scenario in which the radiative forcing first reaches a value of around 3.1 W m −2 by about 2050 and subsequently returns to 2.6 W m −2 by 2100 (Moss et al. 2010) . Each member of each scenario is conducted by BCC_CSM1.1, initialized from the historical simulation.
In the extension simulation from 2100 to 2300 under RCP8.5, RCP4.5, and RCP2.6, concentrations of aerosols and ozone are fixed at 2100 values under the respective scenarios, whereas greenhouse gases evolve with time. As shown in Fig. 1 , the CO2 concentration under RCP8.5 does not level off until the mid-2200s. On the other hand, under RCP4.5, the CO2 concentration stabilizes by early 2100s. RCP2.6 undergoes an ongoing slow decrease of CO2 concentration.
Model validation
In the present study, the East Asian region is defined as the domain that includes 20̶50°N and 100̶145°E following previous studies (Giorgi and Mearns 2002, Min et al. 2004) . Realistic simulation of the present climatology provides confidence for future climate projection. Simulation of present climatological (1986̶2005) mean SAT and precipitation over East Asia by BCC_CSM1.1 is compared with the observation, as shown in Fig. 1 . The observed SAT data are from the National Centers for Environmental Prediction Reanalysis 2 (NCEP2) dataset (Kanamitsu et al. 2002) , and the observed precipitation data are from the Global Precipitation Climatology Project (GPCP) monthly precipitation dataset (Adler et al. 2003) . The model generally captures the observed SAT distribution well over East Asia, with SAT decreasing from south to north (Fig. 2a) . The pattern correlation between the simulation and observation is 0.99 in East Asia. The simulated regionally averaged SAT over East Asia is 0.62°C colder than that observed. The model also reproduces the observed distribution of annual precipitation, but it underestimates the rainfall in southeastern China (Fig. 2b) . The pattern correlation between the simulation and observation is 0.83 over East Asia, although the simulated East Asian average rainfall is 0.11 mm day −1 greater than that observed. Overall, the performance of BCC_CSM1.1 for the present climatology over East Asia is good, although some bias exists. Moreover, BCC_CSM1.1 reproduces the climatology of summertime precipitation and lowlevel circulation (850-hPa wind) reasonably well over East Asia (Sperber et al. 2012 ). Figure 3 illustrates the time series of global and East Asian area-averaged SAT changes under the four RCPs relative to the present climatology (1986̶2005). Warming is greatest under RCP8.5 for the projection in the 21st century, with mean SAT increases of 3.9°C per 100 years globally and 4.5°C per 100 years over East Asia. Under RCP6.0 and RCP4.5, the magnitudes of warming are similar prior to the mid-21st century, both globally and for East Asia. Differences between them are not discernable until the last two decades of the 21st century. Under RCP2.6, warming peaks around 2060 and declines slowly, both globally and for East Asia. Moreover, East Asian mean SAT exhibits a broadly linear trend, with changes of −0.8°C per 100 years during the latter half of the 21st century. The magnitudes of global and East Asian mean SAT changes are listed in Table 1 for the near (2016̶2035), middle (2046̶2065), and long terms (2080̶2099) in the 21st century. The global warming in the near term is similar under all four RCPs, with amplitude ranging from 0.55°C to 0.69°C. East Asian mean warming in the near term is 0.62̶1.0°C, and the similar warming in the near term corresponds to the fact that the radiative forcing does not diverge appreciably under the different RCPs until after this period (Moss et al. 2010) . After 2040, the warming gradually varies with time among the RCPs. For the long term in the 21st century, warming is projected to be 3.33°C (4.06°C) under RCP8.5, 1.97°C (2.47°C) under RCP6.0, 1.56°C (1.89°C) under RCP4.5, and 0.82°C (0.98°C) under RCP2.6 for the globe (East Asia). The differences in warming between East Asia and the globe increase with RCP, ranging from 0.16°C under RCP2.6 to 0.73°C under RCP8.5. We also note that the temporal evolution and warming amplitude of the global mean under the four RCPs presented above are similar to the results of CCSM4 presented by Meehl et al. (2012) .
Results
Temporal evolution a. Temperature
In the extended simulation from 2100 to 2300, the changes in the SAT found under RCP8.5, RCP4.5, and RCP2.6 exhibit different features (Fig. 3) . The SAT under RCP8.5 continues to increase rapidly with the ongoing increase of greenhouse gases. By the end of the 23rd century, warming reaches 8.05°C for the globe and 8.59°C for East Asia ( Table 1) East Asia and the globe, respectively. The faster cooling in East Asia is related to the smaller thermal capacity over the land than the ocean. However, East Asian warming by the end of the 23rd century (0.52°C) is still greater than the global mean (0.45°C). The differences in SAT changes among the three RCPs after 2100 can be attributed primarily to the radiative forcing induced by greenhouse gases since aerosols, ozone, and the solar constant are all fixed. It is clear that the SAT evolution from 2100 to 2300 captured under the three RCPs essentially tracks variations in CO2 concentration.
Whether the global warming will sufficiently slow down to achieve the target of avoiding 2°C above preindustrial is a hot topic in the climate research (Meinshausen et al. 2009 ). Table 2 lists the years during which warming first reached 2°C relative to the preindustrial climatology (i.e., during 1851̶1880) mean simulated by BCC_CSM1.1 under the four RCPs. Under RCP2.6, global warming reaches 2°C by 2060 but subsequently decreases. Therefore, the global warming under RCP2.6 basically remains under 2°C (Fig. 3a) , which is consistent with multimodel results of CMIP5 (Xin et al. 2013c ). Under RCP8.5, the warming is greater than 2°C after the year 2034, with CO2 concentrations greater than 463.9 ppm. Under RCP6.0 and RCP4.5, global warming will reach 2°C during 2043 and 2039, when CO2 concentration is 458.2 ppm. In addition to greenhouse gases, climate feedbacks could induce further global warming owing to water vapor, clouds, snow, and ice. Therefore, CO2 concentrations at which global warming reaches 2°C tend to be different among the RCPs ( Table 2) .
Comparison of the four RCPs shows that global warming would exceed 2°C earlier under the highemission scenario with higher CO2 levels. Thus, we infer that the role of climate feedbacks in global warming may be greater under low RCPs than under high RCPs.
b. Precipitation
Global and East Asian mean precipitation increases under all the RCPs in association with global warming (Fig. 4) . As for the SAT, the global mean precipitation shows similar changes in the near term and larger differences by the end of the 21st century. The interannual variability of East Asian mean precipitation is so large that no difference among the RCPs can be recognized clearly during the 21st century. This is owing to the fact that the internal variability of regional precipitation is larger than that of global SAT. The large interannual variability in East Asia is similar to that projected by CMIP3 models under SRES scenarios (Min et al. 2004 (Min et al. , 2006 . Table 3 lists the magnitudes of global and East Asian area-averaged precipitation changes over different time periods. In the long term within the 21st century, the mean precipitation increases by 5.8% (9.1%) under RCP8.5, 3.5% (7.1%) under RCP6.0, 3.2% (7.7%) under RCP4.5, and 2.1% (4.4%) under RCP2.6 for the globe (East Asia). It is clear that differences in precipitation changes between East Asia and the globe are larger under higher emission scenarios.
The increase in global temperature is likely to lead to changes in the amount and pattern of precipitation (IPCC 2007) . Since the global SAT shows distinct changes under the extension RCPs (2100̶2300), the global and East Asian precipitation also exhibit different features. Under RCP8.5, precipitation increases linearly at a rate of 0.04% per year both globally and in East Asia. Global precipitation also exhibits a minor increase under RCP4.5. The global mean precipitation during 2180̶2199 (2280̶2299) increases by 0.8% (1.2%) relative to 2080̶2099. However, East Asian mean precipitation decreases by 1.5% at the end of the 22nd century and 1.3% at the end of the 23rd century relative to the 2080̶2099 mean. The global mean precipitation also declines under RCP2.6, with the discrepancy percentage at 1.8% by the end of the 22nd century and 1.7% by the end of the 23rd century. However, the precipitation in East Asia decreases by the end of the 22nd century and increases by the end of the 23rd century relative to the 2080̶ 2099 mean, implying that warming may play a smaller role than internal variability under the lowest RCP.
c. Relationship between precipitation change and temperature change The relationship between precipitation change and temperature change under global warming has been studied previously. Held and Soden (2006) showed that the response of global mean precipitation change to Vol. 91, No. warming climate in CMIP3 models is much less pronounced than that of water vapor. This has been interpreted as a result of weakening of the atmospheric overturning circulation in response to global warming (Held and Soden 2006, Vecchi and Soden 2007) . It is worth examining the BCC_CSM1.1 results and the difference between the results for the globe and East Asia. Figure 5 illustrates scatterplots of precipitation and temperature changes for the five time periods listed in Table 1 and Table 3 under the RCP2.6, RCP4.5, and RCP8.5 scenarios. The diagonal line shows the expected relationship inferred from the Clausius̶ Clapeyron relationship between water vapor and temperature, as discussed by Held and Soden (2006) . Global mean Model   Table 3 . As in Table 1 , but for precipitation (unit: %).
12.8 1. 5 increase in temperature. As for the CMIP3 models in SRES A1B (Vecchi and Soden 2007) , the ratios of global mean precipitation change to SAT change projected by BCC_CSM1.1 are all less than 7.5 %/K under the three RCPs. Under RCP4.5 and RCP8.5, the linear relationship between precipitation change and SAT change is more pronounced than under RCP2.6. Precipitation increases at rates of 2.2%/K and 1.9%/K under RCP4.5 and RCP8.5, respectively, suggesting that the atmospheric overturning circulation would be weaker under the higher emission scenario. We note that the linear relationship between precipitation and SAT is more pronounced globally than in East Asia. This may be related to larger uncertainty in regional precipitation change over East Asia under global warming. There is a clear linear relationship for East Asia under the high-emission scenario (RCP8.5), with a rate of 1.6%/K, which is slightly lower than the global mean. This means that conversion from water vapor to precipitation in East Asia would be more inefficient than in the global domain under the highemission scenario, which might be related to the appearance of regional prominent drought in East Asia. Figure 6 illustrates the geographical distribution of SAT changes over East Asia for the late 21st century under the four RCPs. It is clear that the East Asian continent warms faster than the ocean under all RCPs. Under higher RCP scenarios, larger warming appears at higher latitudes than at lower latitudes. Under RCP8.5, the warming over East Asia spans 3̶5°C from south to north.
Spatial pattern
We further explore changes in SAT for the late 23rd century (relative to the late 21st century) under RCP2.6 and RCP4.5. As shown in Fig. 7a , cooling is dominant over East Asia under RCP2.6, with greater amplitude above 0.5°C in northwest China, northeast China, North Korea, and northern Japan. Distribution of the cooling under RCP2.6 is consistent with earlier studies investigating temperature change under various mitigation scenarios ). Under RCP4.5, the temperature increases by 0.25̶0.5°C for most areas across East Asia (Fig. 7b) , although less warming occurs in parts of the Huanghuai valley (32̶38°N, 110̶122°E) in China and in South Korea and southern Japan than in other areas in East Asia. A region of less warming is located at the front of the East Asian trough. Kimoto (2005) showed that the wave trough over the east coast of the Eurasian continent is shallower and shifts northeastward under global warming scenarios. Since the wave trough influences the warming advection from south to north over East Asia, the lower warming detected in the present study could be attributed to changes in the East Asian wave trough under RCP4.5.
The distribution of precipitation change during 2080̶2099 relative to the 1986̶2005 mean is illustrated in Fig. 8 . Precipitation increases in most regions over East Asia, except over the subtropics. This increase is particularly remarkable in the northern parts of East Asia (i.e., north of 40°N). The region exhibiting positive changes extends further south under higher RCPs. Moreover, differences in the spatial distribution of precipitation changes under the RCPs are related to surface warming and the associated circulation changes. This will be discussed in Section 3.4. 
Seasonal dependence
We plot monthly mean changes in regionally averaged SAT in East Asia during 2080̶2099 relative to the 1986̶2005 mean to examine the seasonal dependence of climate changes (Fig. 9a) . Under both RCP4.5 and RCP6.0, the amplitude of warming increases slightly from spring to summer, then the warming slows down in autumn and increases in winter. Such seasonal variations are more prominent under RCP8.5, with much greater warming in summer than in spring. This reflects the fact that heating increases by a greater amount in the warmest season than in other seasons under the high RCPs in BCC_ CSM1.1. The larger seasonal discrepancy also corresponds to the larger amplitude of changes in annual mean temperature. The seasonal warming exhibits different features under the lowest scenario (i.e., RCP2.6), with larger amplitudes in early spring and late summer. Because RCP2.6 represents the lowest scenario, we infer that the seasonal warming is least dependent on greenhouse gas concentrations under the lowest RCP.
The seasonal variations in East Asian mean precipitation change exhibit similar features under all four RCPs (Fig. 9b) . From March to September, the precipitation increases under almost all of the RCPs. In summer, the precipitation similarly increases in the middle and high scenarios with amplitudes of about 10̶15%. Precipitation decreases under all RCPs in early and middle winter (December̶January), with the exception of RCP8.5 in January. However, in late winter (February), all RCPs exhibit greater increases in precipitation of amplitude above 9%. This consistent seasonal cycle of precipitation changes can be Vol. 91, No. 4 Jounal of the Meteorological Society of Japan 422 attributed primarily to the characteristics of the monsoon climate in East Asia. In summer, the EASM is stronger; thus more water vapor is transported from the ocean to the East Asian continent. Moreover, winter monsoon is weakened under global warming scenarios (Kimoto 2005) , and the cooling advection from Siberia tends to be weaker. Therefore, there would be less snow in East Asia under such conditions. However, more precipitation occurs in late winter under all RCPs, which indicates that more rainfall will occur in late winter at the expense of snowfall under global warming scenarios. This assumption needs be verified by further investigation.
Atmospheric circulation
A recent study showed that the Asian summer monsoon systems are controlled primarily by thermal forcing (Wu et al. 2012) . The heterogeneous surface warming over East Asia in the late 21st century implies changes in thermal forcing and the Asian summer monsoon. As shown in China in summer under all RCPs relative to the 1986̶ 2005 mean. Therefore, more water vapor tends to be transferred from the ocean to southern China, resulting in increased precipitation. We note that the origins of the anomalous southerly flow vary among the RCPs. Under RCP2.6, the stronger southwesterly is attributed primarily to the anomalous anticyclone over the western Pacific. Under RCP4.5, RCP6.0, and RCP8.5, in addition to the anomalous anticyclones over the western Pacific, the westerly flow to the north of the anticyclone over the Bay of Bengal contributes to the increase of southwesterly flow in East China. The differences in circulation change among the RCPs are related primarily to the warming amplitude on the mainland of East Asia and the surrounding oceans. Under the lowest scenario (i.e., RCP2.6), the anomalous anticyclone over the Bay of Bengal is weak. The southerly wind in East China is much stronger under the high scenario (i.e., RCP8.5) than under other scenarios. Moreover, precipitation increases in northern East Asia by the late 21st century under all RCPs. In addition to the stronger southerly flow from southern China, anomalous easterly flow prevails over northern East Asia, tending to bring abundant water vapor from the ocean to northern East Asia. As a result, the precipitation increases prominently. The region with positive precipitation change over northern East Asia is larger under RCP8.5 than under other RCPs owing to the stronger southwesterly anomalies under RCP8.5. It should be noted that the present climatological summer monsoon rainband from East China to Japan is underestimated by BCC_CSM1.1 (Fig. 10e) , which is a bias common to most climate models (Kusunoki and Arakawa 2012) . This increases the uncertainty of the precipitation change projected under the RCPs. However, the changes in large-scale atmospheric circulation projected by the model are more reliable, which relies much on the thermal changes. Since precipitation is closely related to atmospheric circulation, the projected large-scale pattern of precipitation change is believed to have certain credibility.
The southwesterly flow intensifies over East Asia under all RCPs, indicating a stronger East Asian summer monsoon. We use the EASM index defined by Wang et al. (2002) to estimate the strength of the EASM under the RCPs. The EASM index is defined as the area-mean (110̶125°E, 20̶40°N) meridional wind velocity at 850 hPa, represented by its anomaly with respect to the climatology (1986̶2005). The calculated mean EASM indices during 2080̶2099 are 0.59, 0.27, 0.23, and 0.59 under RCP2.6, RCP4.5, RCP6.0, and RCP8.5, respectively. The positive indices indicate that the EASM will be stronger than the present climatology by the late 21st century under all RCPs. The intensified EASM in the late 21st century is consistent with the results of previous studies Wang 2005, Sun and Ding 2010) . The indices of RCP2.6 and RCP8.5 increase to a greater extent than those of the other RCPs. Moreover, the significant increase of the EASM index under RCP8.5 is related to the significant change in zonal land̶sea contrast under the warmest scenario (Fig. 6) .
It is noteworthy that summer precipitation decreases obviously in the Yangtze River valley under RCP4.5, RCP6.0, and RCP8.5, although the EASM is stronger. The deficient rainfall in the Yangtze River valley is similar to that found by Xu et al. (2005) and Li et al. (2006) . We plot the present climatology and changes in the summer wind fields by the late 21st century under all RCPs for 110̶125°E in order to explore the possible mechanisms underlying these changes (Fig.  11) . In the present climatology, strong upward motion appears over 20̶35°N in the monsoon region simulated by BCC_CSM1.1, which is consistent with the observations shown in Zhou and Li (2002) . The normal Hadley cell is replaced in this region by the monsoon meridional cell, with upward motion northward to 35°N and descending motion in the Southern Hemisphere. Under the global warming scenario, the vertical monsoon system also changes. As can be seen in Figs. 11b̶d, anomalous subsidence occurs around 30°N in the troposphere by the late 21st century relative to the present climatology under RCP4.5, RCP6.0, and RCP8.5. This implies that the ascending motion of the monsoon meridional cell weakens under the middle and high RCPs. The region of anomalous subsidence corresponds well to the decrease in precipitation in the Yangtze River valley shown under RCP4.5, RCP6.0, and RCP8.5 (Figs. 10b  ̶d) . On the other hand, an anomalous ascending motion appears at around 40°N under all RCPs, indicating the northward extension of the upward branch of the monsoon meridional cell. This corresponds to the increase in precipitation in northern East Asia by late 21st century under the RCPs.
It is worth examining why descending motion occurs around 30°N under the middle and high RCPs. Liang and Wang (1998) showed that the East Asian jet stream (EAJS) is associated with vertical motions affecting the rainfall in East Asia. The thermal contrast between land and sea has been considered to be one important basic forcing mechanism for the EAJS ) and zonal wind (contour) for 110̶125°E during 2080̶2099 under RCP2.6 (a), RCP4.5 (b), RCP6.0 (c), and RCP8.5 (d) relative to the present climatology (1986̶2005 mean) projected by BCC_CSM1.1. The present climatology simulated by BCC_CSM1.1 is shown in (e). The meridional wind and vertical wind are denoted by vectors. change in zonal wind appears in the troposphere to the south of the jet core under each RCP during 2080̶ 2099 relative to the present climatology. This indicates that the EAJS is weakened and the jet core is shifted northward, particularly under the middle and high RCPs. In climatology, the ascending and descending motions prevail to the south and north of the jet core, respectively (Liang and Zhang 1998) . BCC_CSM1.1 can reproduce this feature (Fig. 11e) . Moreover, the northward movement of the jet stream could induce the shift of circulation cell associated with the EAJS. This may be the main reason for the anomalous subsidence around 30°N, where the prevailing ascending motion is associated with the EAJS in the climatological state (Fig. 11e) .
We further investigate the summer Western Pacific Subtropical High (WPSH) under the RCPs because the position of the WPSH influences the rainband in East China. As can be seen in Fig. 12 , the geopotential height is greater for the long term of the 21st century than for the present climatology under each RCP. It is difficult to measure the position of the WPSH by using the isoline with the same value under the different RCPs. As in Zhou et al. (2007) , we define the isoline straddling the longitude of 130°E to characterize the WPSH isoline. Under RCP8.5, the WPSH extends westward and northward and covers southern China. Therefore, the summer rainband in East Asia tends to move northward with respect to that of the present climatology. On the other hand, the regions under the control of the WPSH are unfavorable for precipitation. This partly explains why the deficiency in precipitation is prominent under RCP8.5 in the regions to the south of the Yangtze River. We note that the WPSH does not exhibit obvious movement under RCP4.5 and RCP6.0. Differences in changes in the WPSH among the RCPs are likely related to variations in the warming amplitude over East Asia. RCP8.5 produces the greatest warming over the East Asian land mass and the western Pacific Ocean. Moreover, changes in sensible heating and latent heating associated with warming may be one of the main reasons for the strengthening and further westward extension of the WPSH, because diabatic heating plays an important role in the variation of the WPSH (Liu et al. 2004 ).
Concluding remarks
We analyzed climate change projections over East Asia in the 21st century and beyond on the basis of historical and RCP simulations with BCC_CSM1.1 for CMIP5. Under all four RCPs, approximate warming occurs in the near term and large differences are produced by the end of the 21st century. In the long term of the 21st century, warming of 0.82°C (0.98°C) under RCP2.6, 1.56°C (1.89°C) under RCP4.5, 1.97°C (2.47°C) under RCP6.0, and 3.33°C (4.06°C) under RCP8.5 are found for the globe (East Asia) relative to the 1986̶2005 mean. Moreover, global and East Asian mean precipitation increases under all RCPs are associated with global warming. In the long term of the 21st century, the mean precipitation increases by 2.1% (4.4%) under RCP2.6, 3.2% (7.7%) under RCP4.5, 3.5% (7.1%) under RCP6.0, and 5.8% (9.1%) under RCP8.5 for the globe (East Asia). Greater differences in temperature and precipitation change between East Asia and the globe are found under the higher RCPs. The warming under RCP2.6 remains under the 2°C threshold in the 21st century. In the extension simulation of RCP4.5, a further warming of 0.34°C would occur in East Asia during 2280̶2299 relative to 2080̶2099 in response to the climate change commitment; this warming is less than the global mean warming (0.56°C). East Asia experiences cooling during 2101̶2300 under mitigation scenario RCP2.6, with a linear trend of −0.3°C per 100 years. The linear relationship between precipitation change and SAT change is more pronounced under the higher emission scenario for both the globe and East Asia. Under RCP8.5, the linear relationship for East Asia is slightly lower than the global mean, indicating that conversion from water vapor to precipitation in East Asia would be more inefficient than that in the global domain under the high emission scenario.
Under all RCPs, greater warming appears over land than over the ocean in East Asia in the late 21st century. Under higher RCPs, more warming will occur at higher latitudes than at lower latitudes. The monthly change in East Asian mean SAT in the late 21st century (relative to the present climatology) exhibits similar features under the middle and high RCPs, with greater warming in late summer and early winter. East Asian summer mean precipitation increases markedly (i.e., by 10̶15%) with respect to the present climatology under all RCPs. The increase in precipitation occurs primarily in southern China and northern East Asia, where it is typically associated with anomalous southwesterly and southeasterly flow in the lower troposphere, respectively. Furthermore, precipitation decreases in parts of the Yangtze River valley under the middle and high RCPs, because the anomalous downward motion around 30°N in East Asia is associated with the northward shift of the EAJS in the late 21st century. Under the high scenario (i.e., RCP8.5), the WPSH will extend westward and north- that the vertical motion and EAJS in the upper troposphere also experience pronounced changes and that these changes are closely related to precipitation change in East Asia. Examination of future climate change in future studies should focus more on the three-dimensional structure of atmospheric circulation, particularly over the monsoon region. Comparisons among the four RCPs in this study (in terms of changes in East Asian climate, summer monsoon, and the WPSH) indicate that the highest RCP will induce significant changes in the climate system in East Asia. These results should provide further motivation to cut greenhouse gas emissions and mitigate global warming.
We note that BCC_CSM1.1 includes some bias in the simulation of precipitation in East Asia, particularly for the summer monsoon rainband, and that this bias increases the uncertainty of the precipitation changes projected by the model. Further work should be conducted to improve the capability of this model to simulate East Asian climate through improvements in model resolution and the representation of physical processes. The multimodel ensemble method adopted in CMIP5 models should also be utilized to verify the above results, because this method has been shown to perform better than individual models in the simulation of climate changes in response to external forcing.
